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ABSTRACT
Western China, as a highly heterogeneous region in terms of its geology, has drawn much
attention from geologists and geophysicists for many years. Pn tomography is a useful tool to
explore the heterogeneity of the Earth's interior. In this study, we obtain a Pn velocity image and
the crustal thickness for western China using a Pn tomographic inversion based on a large
collection of Pn travel time data from various sources. Our tomography image reveals four
significant features corresponding to the surface geology: (1) Four major basins bordering the
Tibetan Plateau (TP) and/or Tien Shan (Tarim, Junggar, Qaidam, and Sichuan basin) display
prominent high Pn velocities. These basins are tectonically stable with little deformation and
lacking in seismic, thermal, and volcanic activity. (2) Several portions including western Tien
Shan, Burma, and western Yunnan, show prominent low Pn velocities. An apparent feature is the
bent low velocity belt (LVB), which extends from west to east beneath the northern TP. This
passes through the Qiangtang block and the Songpan Ganzi fold belt (SGFB), then turns
consistently with the SGFB along the eastern TP margin and continues further south to southwest
along Yunnan and Burma. (3) In the Tibetan Plateau, low Pn velocities are found in the northern
TP, while high Pn velocities are shown in the southern TP. The low Pn velocity in the north looks
corresponds to Quaternary volcanism found in the region (Arnaud et al., 1992; Turner et al.,
1993). A low velocity anomaly of north-south direction is also observed to cut through the high
velocity southern plateau and seems to extend to the India plate. This feature is consistent with
previous Pn studies of the Tibetan Plateau (Liang et al., 2004; Liang and Song, 2006). (4) Three
important profiles of crustal thickness in Tibetan Plateau are obtained. They reveal significant
features of the Moho and are consistent with previous studies (Kind et al., 2002; Liang and Song,
2006; Nabelek et al., 2009). Also, the shape of Moho is well correlated with the surface
topography.
iii
Dedicated to my parents,
Shuanghai Tang and Qinxian Xue,
for their love, support, and encouragement.
iv
ACKNOWLEDGEMENTS
The project would not have been possible without the help of many people. I really thank my
advisor Prof. Xiaodong Song, who gave me many good suggestions in research and life. He
helped select a research topic, analyze raw data, make sense of confusion, and tackle a project. In
addition, he always encouraged me with the enthusiasm in science. I thank Prof. Jay Bass,
Stephen Marshak, Craig Lundstrom, and Xiaodong Song for the geoscience courses that they
have taught during these two years and for the discussion in every aspect of geosciences, which
greatly expands my knowledge. Also, I thank Dr. Zhen Xu (James) and Xinhua Huang for their
selfless help in my research. I would like to thank Department of Geology for providing me a
nice place to finish my MS study. Marilyn Whalen, Julie Dyar, Lana Holben, Stephen Hurst, and
David Wojtowicz helped a lot during my graduate study. Many thanks to them. And finally,
thanks to my friends Zhen Xu, Xinhua Huang, Douglas Torbeck, Jing Jin, Xin Song, Lianqing
Zhou, Jin Zhang, Liqin Sang, Guimiao Zhang, Ye Feng, Xiangli Wang and many other graduate
students in Department of Geology for their support, help and encouragement.
vTABLE OF CONTENT
CHAPTER 1: INTRODUCTION................................................................................................... 1
CHAPTER 2: METHODAND DATA........................................................................................... 6
2.1 Method...................................................................................................................................... 6
2.2 Data and data selection............................................................................................................. 8
CHAPTER 3: INVERSION RESULTS........................................................................................ 15
3.1 Synthetic tests......................................................................................................................... 15
3.2 Pn velocity variation............................................................................................................... 15
3.3 Station delays and crustal thickness........................................................................................ 17
CHAPTER 4: DISCUSSION AND CONCLUSION................................................................... 25
4.1 Discussion............................................................................................................................... 25
4.2 Conclusions............................................................................................................................. 27
APPENDIX A............................................................................................................................... 29
APPENDIX B............................................................................................................................... 30
REFERENCES............................................................................................................................. 31
1CHAPTER 1
INTRODUCTION
Western China is a region with significant geological heterogeneity. It includes areas with active
deformation such as Yunnan region and stable and rigid sedimentary basins including the
Sichuan, Erdos, and Tarim basins. Particularly, in the southwest, the India-Euroasia collision
causes significant crustal shortening, the rising of the Tibetan Plateau with an average elevation
of 5 km, and the world’s highest mountain range, the Himalaya Mountain Range. Furthermore, a
sharp contrast in the elevation from about 500 m in Sichuan basin to some 5 km in the Tibetan
Plateau also shows the geological complexity in this region. Generally, the region covers several
major geological blocks, including the Himalaya; the Lhasa Block; the Qiangtang Block;
Songpan–Ganzi Fold Belt; Qaidam Basin; Sichuan basin; Tarim basin; Tulufan basin; and Ordos
block. In addition, western China contains active areas of continental earthquakes such as
western Sichuan and Yunnan. Thus, it is really helpful in understanding the tectonics of the
region and has significant implications for earthquake hazards to study the crustal and upper
mantle structure beneath western China.
Actually, the Tibetan Plateau and its surrounding regions have drawn much attention from
geologists and geophysicists for many years. Depending on a few stations from global data sets
(e.g., the World-Wide Seismograph Station Network stations adjacent to China and sparse
Chinese Digital Seismic Network (CDSN) with 10 stations established in 1986 by agencies of
the United States and China), a number of seismological studies focusing on the Tibetan Plateau
and its adjacent areas have been conducted, including body wave travel time and waveform
studies (e.g., Ni and Barazangi, 1983; Lyon-Caen, 1986; Roecker et al., 1993; Beckers et al.,
1994; Chen et al., 1997; Bump and Sheehan, 1998; Rapine et al., 1997; Chen and Ozalaybey,
1998) and surface wave inversions (e.g., Chen and Molnar, 1975; Bourjot and Romanowicz,
1992; Griot et al., 1998). Nevertheless, some critical issues such as the mechanisms of the
2shortening and extension of Tibetan plateau remain uncertain. Furthermore, poor ray coverage
and sparse station distribution largely hinder the reliability and accuracy of those previous
studies. Over the last decade, many temporary seismic stations have been deployed in some
certain areas of Tibet and Tien Shan with the implementation of major research projects (e.g.,
Himalayan-Tibetan continental lithosphere during mountain building (HI-CLIMB)). These
temporary stations play a key role in improving the resolution of the crustal and upper mantle
structure beneath the study region, although they are usually restricted to certain linear profiles or
small areas.
Previous geophysical investigations show important results in the Tibetan Plateau and its
adjacent regions. For instance, the subducted slab of the Mesozoic Tethys sea into the deep
mantle was revealed (van der Hilst et al., 1997; Grand et al., 1997). The uppermost mantle Pn
average velocity is 8.060 km/s and the average Moho depth is 51 km beneath the Tibetan Plateau
and its surrounding areas (Liang and Song, 2006). Also, early study results display a series of
sharp contrast in geophysical properties between the northern Tibetan Plateau and the southern
Tibetan Plateau. (1) Compression and shear wave velocities in the upper mantle are low beneath
the northern TP and high beneath the southern TP (Chen and Molnar, 1981; Holt and Wallace,
1990; Rodgers and Schwartz, 1998). (2) Sn propagation is inefficient beneath the northern TP
and efficient beneath the southern TP (Barazangi and Ni, 1982; McNamara et al., 1995; Rapine
et al., 1997). (3) Shear wave splitting is strong beneath the northern TP and weak beneath the
southern TP (McNamara et al., 1994; Sandvol et al., 1997; Chen and Ozalaybey, 1998; Huang et
al., 2000). (4) Pn velocities are low beneath the northern TP and high beneath the southern TP
(McNamara et al., 1997; Liang et al., 2004; Hearn et al., 2004; Sun and Toksoz, 2006).
Pn tomography is a useful tool to explore the heterogeneity of the Earth's interior. A Pn wave is
also referred to as a head wave that is traveling below the Moho along the top of the upper
mantle. It is an evanescent wave. That is, the amplitude rapidly decreases when Pn wave travels
3along the top of the upper mantle. Several factors including crustal velocity, Moho depth, and the
Pn velocity can affect the propagation of Pn. Thus, Pn waves can be used to constrain these
crustal parameters. Studies of Pn waves are of significance for several reasons: (1) It is quite
useful to obtain an accurate Pn velocity model for earthquake location. (2) As key parameters of
the Earth's interior, the Moho depth and Pn velocities are important for understanding crustal
structure and composition. (3) Pn velocity that varies with the changes in temperature and
composition and anisotropy may indicate the history of mantle deformation. Thus, Pn velocity
and anisotropy are useful tools to explore lithosphere structure and dynamics. (4) It is easy to
observe abundant Pn data. Usually, Pn becomes the first arrival at distances larger than about
200---350 km depending on the Moho depth, and can be observed at distances larger than 1300
km. (5) Even when the Moho is irregular, the inversion of Pn travel times becomes a
2-Dimensional problem for obtaining the P velocity at the top of the upper mantle, avoiding the
complication that is caused by changes in velocity structure and boundary topography, because
the mantle segment of the Pn wave is only sensitive to the velocity at the top of the mantle. (6)
Pn tomography is suitable for western China, because dense and crisscrossing Pn rays covering
almost the entire region can be obtained due to the wide distribution of events and stations.
Furthermore, it is quite possible to produce a high-resolution image of Pn velocity depending on
the good coverage in both ray density and azimuth.
In this study, we do Pn tomography to obtain Pn velocity distribution in the uppermost mantle
and the crustal thickness of western China using a large collection of Pn travel time data from
various sources. Basically, we inherit all original Pn data sets that were used in Liang et al.,
(2004) and all original data sets used in Liang and Song, (2006). Besides, some new hand-picked
data from HI-CLIMB stations is included. The large amount of data makes it possible to adopt
stricter criteria on data selection to obtain high-quality data while still keeping good ray coverage.
The inversion results reveal significant features that may have implication for the structure and
tectonics of the region.
4Figure 1.1 Basic tectonic map of western China. White thick lines indicate major geological unit
boundaries. Abbreviations are Junggar Basin (JG), Qaidam Basin (QDM), Sichuan Basin (SC),
Tarim Basin (TRM), Ordos Basin (OD), Tien Shan (TS), Qiangtang Block (QB), Lhasa Block
(LB), Himalaya Block (HB).
5Figure 1.2 Schematic diagram of Pn wave propagation (Liang et al., 2004). The P wave is
critically reflected at the crust-mantle boundary. The ray path has three segments, associated with
the earthquake, the receiver, and the mantle.
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METHODAND DATA
2.1 Method
We follow the inversion scheme of Pn waves developed by Xu and Song, (2009). The Pn travel
time is the sum of three travel times: first in the crust from the source to the Moho, second in the
crust from the Moho to the receiver, and third, the travel time of the head wave traveling through
the top of the upper mantle. The travel time residual for Pn wave can be expressed in the
following discrete form:
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where obs
jk
T
is the observed travel time from
j
th earthquake and
k
th receiver; pred
jk
T
is the
predicted travel time from
j
th earthquake and
k
th receiver; 1n is the number of grids that the
seismic ray samples in the mantle; 2n and 3n are the numbers of grids that the ray samples in
the crust at the earthquake side and the receiver side. On the right hand side of the equation (1),
the first term is the contribution from the velocity perturbation in the upper mantle. The second
term is the contribution from the crustal velocity perturbation at the earthquake side. The third
term is the contribution from the crustal velocity perturbation at the receiver side. The fourth
term
kk
ht ∆=∆ η is the contribution from Moho depth variation at the receiver side, where η is
the vertical slowness, 22 )
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m
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are the crustal velocity at the
Moho depth and the Pn velocity. The last term is the event delay without the crustal velocity
perturbation in the second term, representing the perturbation from errors in earthquake depth
and original time, and Moho depth variation at the earthquake side. The combination of the third
7and fourth term represents the station delay in the traditional formulation of Pn tomography (e.g.,
Hearn, 1996; Liang et al., 2004).
The equation (1) can be written in matrix form:
Amr = (3)
where r is the data vector whose elements are the travel time residuals of rays
jk
r
, and the
number of the elements is equal to the number of rays; m is the parameter vector; the matrix A is
called the data kernel, which connects the data vector and the parameter vector and relies on the
ray coverage. Usually, A is a large and sparse matrix.
The minimization function is )min(
22222 LmmrAm ϕλ ++− . The first term is to minimize
the data fit in the least-square sense. We use the LSQR algorithm (Paige and Saunders, 1982a,
1982b) to solve the problem. A diagonal matrix C is applied to equation (3) to obtain an
equivalent system:
''mAr = (4)
where preconditioned coefficient matrix ACA =' , a new parameter vector mCm 1−=' . The
LSQR iteratively finds the least square solution for 'm and the final solution 'Cmm = . The
preconditioning does not change the least square norm of the solution (i.e.
rmArAm −=− '' ). The second term of the minimized function is the model regularization
with a damping parameter of non-zero real number λ. The third term is the smoothing constraint.
The smoothing constraint is imposed by minimizing the Laplacian (second derivative) of the
solution m. The smoothing operator L is the Laplacian operator (Lees and Crosson, 1989). The
non-zero real number φ controls the smoothing level, which trades off with the misfit rAm − .
The inversion results become smoother but the misfit increases with increasing φ.
82.2 Data and data selection
We inherit all original Pn data sets that were used in Liang et al., (2004) and all original data sets
used in Liang and Song, (2006). In addition, some new hand-picked data from HI-CLIMB
stations (Figure 2.1) are included. Thus, our Pn arrival time picks are from several sources: (1)
Chinese national bulletins (Annual Bulletins of Chinese Earthquakes 1985--1997); (2) Chinese
provincial bulletins (1980--1997) from the Yunnan Seismological Bureau and the Sichuan
Seismological Bureau; (3) international bulletins (1964--1997) from the International
Seismological Center (ISC); (4) hand-picked data from temporary seismic arrays deployed in the
Tibetan Plateau, including joint Sino-US research project (1991–1992) (Owens et al., 1993),
INDEPTH-II, INDEPTH-III (INDEPTH project was carried out in 1992 and the first test of
CWP reflection methods in the High Himalaya. INDEPTH-II extended the coverage northward
across the Tethyan Himalaya, the Zangbo suture and well onto the southern Plateau.
INDEPTH-III extended the coverage in central Tibetan Plateau (Nelson, 1996)). and HI-CLIMB
(Himalayan-Tibetan continental lithosphere during mountain building 2002-2005, HI-ClIMB
event data is listed in appendix A); (5) hand-picked data from a few newly installed Chinese
digital broadband seismic stations in the Tibetan Plateau; (6) some hand-picked Pn data provided
by Xin Song (Song, X., B.S. thesis, 2011, see appendix B). New Pn data from HI-CLIMB
stations and HI-CLIMB stations are useful to promote the ray and station coverage in the Tibetan
Plateau.
Pn travel time hand-picking procedure:
(1) Make sure the beginning time point is zero for all time series and do basic processing
including band-pass filter (we choose corner frequency range 0.5-2Hz in our study), remove
mean, and remove trend for each original data.
(2) For a given event, make the reduced figure. The travel time is reduced by 8.0km/s (e.g.,
Figure 2.2).
9(3) For each waveform data file of the given event, locate the first arriving phase (Pn) by
choosing a right time window and zooming. The time window should be short enough so that the
Pn phase can display quite clearly. Then mark the Pn phase.
(4) Apply step 2 and 3 and plot the raw Pn travel time picks (e.g., Figure 2.3) for all events.
Consequently, we finish the Pn travel time hand-picking job.
The large amount of data makes it possible to adopt stricter criteria on data selection to obtain
high-quality data while still keeping good ray coverage. Thus, we follow these criteria (similar to
the criteria used in Liang et al., 2004) to select data.
(1) The epicentral distance ranges from 2° to 12°. The Pn starts to appear at 1.6° for a very thick
crust of 70 km. The Pn appears at smaller distances for a thinner crust. We also use arrivals that
are labeled as P but continue to form a linear trend in the travel time curve up to distances of 12°.
(2) The earthquakes whose depth is over 45 km are discarded, because they possibly happened
in the mantle.
(3) The apparent velocity of rays is limited to be between 7.0 and 9.0 km/s (Zhao and Xie,
1993).
(4) In order to ensure robust constraint on the station delays, we keep the stations with at least 5
Pn picks. Also, we keep the earthquakes with at least 5 Pn records.
(5) We use earthquake grouping technique (Liang et al., 2004) to locate earthquake clusters, then
choose the earthquake with the largest number of Pn picks in a cluster and exclude all the other
earthquakes in the same cluster. This step greatly reduces the influence of uneven earthquake
distribution but still keeps the overall ray coverage of the study region intact. In our study, we
group earthquakes into a cluster within a radius of 8 km.
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The basic steps of earthquake grouping technique:
(1) Set a minimum radius value mind and choose one earthquake as the center of the first group.
(2) Compute the distance 21d between the second earthquake and the first group. If 21d <
mind , where mind is chosen based on the earthquake density and the desired ray coverage, then
the second earthquake is grouped into the first group; otherwise this earthquake is set to be the
center of a new group (the second group).
(3) Calculate the distances between the ith earthquake and the existing N groups. If the shortest
distance is smaller than mind , then group the earthquake into the group corresponding to the
shortest distance with the earthquake; otherwise the ith earthquake is set to be the center of the
(N + 1)th group.
(4) Apply step 3 for all earthquakes. As a result, all earthquakes are grouped into M groups.
(5) For each group, average the epicenters of all the earthquakes, and choose the averaged
locations as the center of the group. Then regroup all earthquakes so that the distance between
the earthquake and its corresponding group center is less than mind . If the earthquake belongs to
several groups, then group it into the nearest group. Consequently, some groups may be deleted
and some new groups will be added.
(6) Repeat step 4 and 5 until no groups are canceled and no new groups are added. Finally, we
choose the earthquake with the largest number of Pn picks in each group for our inversion. All
the other earthquakes in the same group are discarded.
Finally, we obtain 54,849 rays from 398 stations and 6,220 earthquake groups following the
above data selection procedures. These data sets are much larger than the data sets that were used
in the previous study of Liang and Song, (2006). For the initial model of inversion, we choose
average crustal velocity of 6.3 km/s, average Pn velocity of 8.06 km/s, and average Moho depth
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of 51 km (Liang and Song, 2006). We divide the study region into 2-D grids with the size of 1° ×
1°. Also, we know the damping factors determine the perturbation ranges. That is, a large
damping factor can result in a smaller perturbation range and a smaller damping factor can lead
to a larger perturbation range. In out study, we intend to keep Pn velocities between 7.0 and 9.0
km/s (Zhao and Xie, 1993), a small value range. Thus, a larger damping factor of Pn velocity is
necessary. Besides, the large variation of elevation in the study region possibly means large
variation in the crustal thickness because of the isostasy. Furthermore, the delays are determined
by crustal thickness. So, it is possible that the variation of delays is large. Thus, we should
choose smaller delay damping factors to maintain a larger perturbation range for the delays. So,
in our study, we use Pn velocity damping factor of 300, event delay damping factor of 1, and
station delay damping factor of 1. Also, we choose smoothing factor φ of 100, which looks like
the best choice based on several tests.
12
Figure 2.1 Distribution of stations (triangles) used in this study. The red triangles represent the
stations used in Liang and Song, (2006). The blue and green triangles are new stations that are
added. The green ones are HI-CLIMB stations used in our study.
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Figure 2.2 An example of seismograms of event June 1st 2005. Pn travel time reduced figure. The
travel time is reduced by 8.0km/s. The stations are HICLIMB stations. The vertical red lines
show the first arriving Pn waves.
14
Figure 2.3 Pn travel time picks of event June 1st 2005.
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CHAPTER 3
INVERSION RESULTS
Our inversion results are displayed in Figure 3.2 for Pn velocity and Figure 3.3 for station delays.
3.1 Synthetic tests
To examine the resolution of our tomography image, we perform a checkerboard test. Synthetic
data are generated depending on the real rays. Then, we do inversion with synthetic data using
the same inversion procedure and parameters as in the actual inversion. For the Pn velocity test,
we give an input model consisting of a sinusoidal checkerboard pattern with half-wavelength of
2.5° and maximum ±3.5% velocity perturbation (respect to a background velocity of 8.06 km/s).
The resolution for Pn velocity perturbations in most of the western China is about 2.5° × 2.5°
(Figure 3.1). In bordering areas, the resolution degrades. Two main factors, spatial and azimuthal
ray coverage, affect the resolution.
3.2 Pn velocity variation
The inversion shows substantial variations in Pn velocity with coherent patterns (Figure 3.2). The
Pn velocity ranges from less than 7.85 to over 8.25 km/s. Our tomography image reveals
significant features corresponding to the surface geology. Perhaps the overall most striking
feature of the Pn velocity overall is a mosaic of very fast and very slow anomalies across the
region, which provides a mirror image of the heterogeneous geology of western China. The
major features include the following:
(1) Four major basins bordering the Tibetan and/or Tien Shan (Tarim, Junggar, Qaidam, and
Sichuan basins) display prominent high Pn velocities. These basins are tectonically stable with
little deformation and lack seismic, thermal, and volcanic activity. Thus, the high Pn velocity
anomaly is likely to reflect the signature that these basins are strong and cold.
(2) Burma, and western Yunnan, having the active volcanoes of the region, show prominent low
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Pn velocities. The boundary of the fast and slow anomalies coincides nicely with the
India-Eurasia collision zone along the mountain ranges bordering eastern India and Burma,
suggesting the fast and slow anomalies may be due to a strong Indian lithosphere and weak
Eurasian lithosphere as well as the continent collision.
(3) In the Tibetan Plateau, low Pn velocities are found in the northern TP, while high Pn
velocities are shown in the southern TP. The low Pn velocity in the north corresponds to
Quaternary volcanism found in the region (Arnaud et al., 1992; Turner et al., 1993). A low
velocity anomaly of north-south direction is also observed to cut through the high velocity
southern plateau and seems to extend to the Indian plate. This feature is consistent with previous
Pn studies of the Tibetan Plateau (Liang et al., 2004; Liang and Song, 2006). However, this low
velocity anomaly is not remarkable and continuous enough like the result of Liang and Song,
(2006). Perhaps, it is due to the different version of the inversion program and the different initial
parameter choices. Generally, this narrow low velocity belt coincides with the location of the
Yadong-Gulu rift and the Yangbajing geothermal field on the surface, suggesting the surface
rifting may have a deep root in the mantle.
(4) An apparent feature is the bended low velocity belt (LVB), which extends from west to east
beneath the northern TP (through the Qiangtang block and the Songpan Ganzi fold belt (SGFB)),
then turns consistently with the SGFB along eastern TP margin and continues further south to
southwest Yunnan and Burma. The narrow belt expands in an east-west direction and occupies
almost the whole mountainous regions from Burma to western Yangtze Block.
(5) Low Pn velocities (7.9-8.0 km/s) are found beneath western Tien Shan, while the Pn
velocities (8.1-8.2 km/s) look higher beneath the eastern Tien Shan.
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3.3 Station delays and crustal thickness
The station delays allow determination of the crustal velocity (
c
v ) and crustal thickness ( H )
variations, relevant to the reference model (
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v
,
H
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In our study, we use a simple 1D crustal velocity model (Vc 6.3km/s) to find crustal thickness
from station delays. We prefer only using station delays rather than earthquake delays to infer
crustal thickness, because earthquake delays are strongly affected by the uncertainty in
earthquake depths that are often poorly constrained. Some general features of station delays and
crustal thickness are as follows:
(1) The station delays vary considerably (Figure 3.3), ranging from less than –2.0 s to more than
2.0 s, which correspond to crustal thickness variations of about 35 to 75 km.
(2) The station delays in the eastern margin of the Tibetan Plateau vary significantly, suggesting
large variation in crustal thickness of the region.
(3) With elevation across the India-Himalayan collision zone, the station delays change greatly,
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suggesting a very sharp change in crust thickness. The thickest crust is over 75 km in south
central Tibet (around Yarlong-Zangbo suture (YZS) in northern Himalaya Block).
(4) We include many PASSCAL and HI-CLIMB stations (Figure 2.1), thus obtaining three
important profiles of crustal thickness in the Tibetan Plateau (Figure 3.3, Figure 3.4, Figure 3.5,
and Figure 3.6). For the two profiles of INDEPTH experiments (east line and west line), our
estimates (Figure 3.5, 3.6) look quite similar with the previous results by Liang and Song, (2006).
This may be mainly due to the same data sources that we used. Also, our results generally agree
with the results by Kind et al., (2002) from their receiver function study, although there are some
discrepancies beneath Yarlong-Zangbo suture (YZS) and Bangong-Nujiang suture (BNS). The
crustal thickness increases from about 55 km beneath India to over 75 km around YZS, then
decreases steadily toward north to about 55 km (Figure 3.5) or over 60 km (Figure 3.6) south of
BNS (around 32° in latitude). In the northern TP, the Moho depth remains about 65 km with
perhaps thickening to 70 km south of Jinsha suture (JRS). The thickness decreases to 55–60 km
north of Kunlun suture (KF).
(5) For the profile of HI-CLIMB stations (Figure 3.4), the shape of the Moho based on our
estimates looks consistent with the approximated Moho location from receiver function study by
Nabelek et al., (2009) except some slight trade-offs beneath Lhasa Block and northern Qiangtong
Block. Also, our consequences generally agree with the results from surface wave dispersion
inversion by Xu and Song, (2011). Along the profile, the crustal thickness increases from about
45-50 km beneath Indian Plate to more than 70 km south of Yarlong-Zangbo suture (YZS), then
remains about 65-70 km or slightly decreases toward north. Basically, the shape of Moho is well
correlated with the surface topography.
19
Figure 3.1 Checkerboard test on Pn velocity. The input model is a sinusoidal checkerboard
pattern with half-wavelength of 2.5° and maximum ±3.5% velocity perturbation.
20
Figure 3.2 Inversion results for Pn velocity. Major block boundaries are also plotted.
21
Figure 3.3 Station delays obtained in this study. Negative delays (inverse triangles) are
indicatives of a thinner crust (thinner than the average 51 km of the reference model); positive
delays (crosses) are indicatives of a thicker crust than average crust. The station delays of
HI-CLIMB stations are shown by yellow. Three cross section lines are marked by red. The left
one is the profile of the HI-CLIMB project; the middle and right ones are the west and east
profiles of the INDEPTH experiments across the central Tibet.
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Figure 3.4 Crustal thickness along the profile of the HI-CLIMB project (see Figure 3.3). Circles
are Moho depth calculated by each station delay. The red line is the approximated Moho location
from receiver function study by Nabelek et al., (2009) using HI-CLIMB stations. The blue line is
the approximated Moho location from joint inversion of receiver function and surface wave
dispersion by Xu and Song, (2011). The topography of Tibetan Plateau is shown on the top of the
figure.
23
Figure 3.5 Crustal thickness along the east profile of INDEPTH experiments (see Figure 3.3).
Circles are Moho depth calculated by each station delay. The red line is the approximated Moho
location from Pn tomography by Liang and Song, (2006). The blue line is the approximated
Moho location from receiver function study by Kind et al., (2002). The topography of Tibetan
Plateau is shown on the top of the figure.
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Figure 3.6 Crustal thickness along the west profile of INDEPTH experiments (see Figure 3.3).
Circles are Moho depth calculated by each station delay. The red line is the approximated Moho
location from Pn tomography by Liang and Song, (2006). The blue line is the approximated
Moho location from receiver function study by Kind et al., (2002).
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CHAPTER 4
DISCUSSIONAND CONCLUSION
4.1 Discussion
We have obtained a detailed Pn velocity image as well as the estimates of station delays and
crustal thickness beneath each station in our study region. Generally, our Pn velocity model is
consistent with previous Pn tomography results of Tibetan Plateau by Zhao and Xie, (1993),
McNamara et al., (1997), Liang et al., (2004), and Liang and Song, (2006). Our result shows a
series of remarkable features including high Pn velocity anomalies in four major basins, high
uppermost mantle velocities in southern TP, low Pn velocities in northern TP, and a striking LVB
extending from west to east beneath northern TP to the eastern and southeastern margins of the
plateau. Based on some anomalous observations such as low Pn velocities, inefficient Sn
propagation (Barazangi and Ni, 1982; McNamara et al., 1995; Rapine et al., 1997), high crustal
Poisson's ratio and attenuation (McNamara et al., 1994, 1997; Owen and Zandt, 1997), and
presence of volcanism of mantle lithospheric origin (Arnaud et al., 1992), a regionally developed
weak, partially molten mantle lithosphere may exist beneath the northern Tibetan Plateau.
However, some scientists hold that heating to make lithosphere molten is unlikely, because the
volcanism up the northern TP is pretty minor. The slow seismic velocities could due to the alkalic
volcanism which leads to metasomatism of the lithosphere. A high velocity lower crust of
underthrusting cold Indian plate is revealed beneath the southern TP (Nelson et al., 1996). A
shear coupled tele-seismic P-wave study by Owens and Zandt, (1997) illustrates crustal thinning
from south to north with increasing Poisson's Ratios. According to this study, low angle Indian
underplating reaches to the Banggong suture and then bends down whereas northern Tibet has a
thin, hot and partially molten lithosphere.
The Himalayan-Tibetan orogen was created by the India-Eurasia collision over the past 70-50
Ma. Significant crustal shortening (at least 1400 km) resulting in eventual construction of the
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Cenozoic Tibetan Plateau began more or less synchronously in the Eocene (50-40 Ma). Global
positioning system (GPS) measurements indicate a total convergence rate of about 38 mm/yr in
N21E direction between the Indian and Eurasian plates (Wang et al., 2001). Tibet has
thick-skinned thrusting and folding over broad areas due to Tertiary shortening. Active crustal
shortening, however, occurs predominantly along and to the north of Kunlun range. The most
recent volcanism that occurred in the past 20 Ma, is distributed south of Kunlun range (Arnaud et
al. 1992). The origin of this volcanism is suggested to be southward subduction of Tarim and
Qaidam basins under Tibet (Arnaud et al. 1992).
The mechanism of the formation of Tibetan Plateau is a focus of many studies. During the last
decade, various models have been proposed to explain the complex deformation history (e.g.,
Willet and Beaumont, 1994; Owens and Zandt, 1997; Huang et al., 2000; Johnson, 2002).
Theoretically, widely distributed high elevations in a collision zone like Tibet can be generated
by a number of competing and sometimes mutually exclusive mechanisms including
underthrusting, distributed shortening, delamination, lower crustal flow, intercontinental
subduction and continental extrusion.
A 3-dimensional dynamic model, which involves underthrusting in southern TP, shortening in
northern TP, and extrusion to the east and the southeast, is provided by Liang and Song, (2006).
The Indian crust as well as cold and rigid lithosphere underthrust Asian crust beneath the
southern TP. Thus, it results in crustal growth and thickening and high Pn velocity. The
advancing rigid Indian lithosphere from the south and similarly strong Tarim and Qaidam
lithosphere from the north extrude the deformable lithosphere under the northern Tibet. Its effect
is the lithospheric materials flow out to the east and bend to the south when meeting the strong
and rigid Sichuan lithosphere. Beneath the southeast of the TP and Sichuan basin, the
lithospheric materials spread out in the southeast direction, where there are no strong confining
lithosphere blocks. Our Pn velocity image is quite similar to the velocity pattern of Liang and
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Song, (2006), thus further supporting this 3-D dynamic model.
Our Pn velocity map indicates that the high velocity southern plateau is divided into two
segments by a low velocity anomaly of north-south direction. The northern edge of the left
segment (82–90°E) reaches to the Bangong-Nujiang suture (BNS), while the northern edge of the
right (90–96°E) segment reaches to the JRS. This pattern may suggest the Indian lithosphere
advances further under the right segment (90–96°E) to the Jinsha suture (JRS) than under the left
segment to the BNS. The low Pn velocity around 90°E beneath Yadong-Gulu rift zone may
suggest extrusion of hot materials from the north.
Based on this 3-D dynamic model, we conclude that the crustal thickening in the southern TP is
mainly due to the underthrusting cold Indian plate, and the crustal thickening in the northern and
eastern TP is mainly caused by the shortening.
4.2 Conclusions
(1) We obtain a detailed Pn velocity image as well as the estimates of station delays and crustal
thickness beneath each station by Pn tomography using a large amount of data sets and strict data
filtering criteria in our study region. Our observations are consistent with previous study results.
(2) The Pn velocity result shows a series of significant features including high Pn velocity
anomalies in four major basins (Sichuan, Tarim, Qaidam, and Junggar basin), high uppermost
mantle velocities in the southern TP, low Pn velocities in the northern TP, and a striking low
velocity bent (LVB) extending from west to east beneath northern TP to the eastern and
southeastern margins of the plateau. This result further supports the 3-D dynamic model of
crustal growth and thickening provided by Liang and Song, (2006).
(3) The station delays vary greatly in the study region, suggesting a very sharp change in crust
thickness. We obtain three important profiles of crustal thickness in Tibetan Plateau. Generally,
the sharply resolved Moho depths that we estimated agree with previous results except some
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slight trade-offs. These three profiles help understand the variations in Moho depth and dynamics
of crustal thickening of Tibetan Plateau.
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APPENDIX A
Table 1. Event list of HICLIMB data
Event (year/month/day) Lat (degree) Lon (degree) Dep (km) Magnitude (mb)
20021105 31.014 86.576 41.30 4.8
20021120 35.414 74.515 33.00 5.7
20030116 29.800 88.006 12.20 5.1
20030417 37.529 96.476 14.00 6.2
20031210 30.469 83.278 33.00 4.5
20040307 31.639 91.236 11.00 5.3
20040327 33.962 89.235 10.00 5.4
20040703 34.093 89.349 10.00 5.3
20040824 32.542 92.190 10.00 5.7
20041026 31.024 81.154 10.10 6.0
20050214 41.728 79.440 22.00 6.1
20050407 30.491 83.662 11.00 6.0
20050408 30.527 83.670 10.00 5.1
20050601 28.881 94.626 25.80 6.1
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APPENDIX B
Table 2. Event list of Xin Song's data
Event (year/month/day) Lat (degree) Lon (degree) Dep (km) Magnitude (mb)
19980903 27.850 86.941 33.00 5.6
19990328 30.512 79.403 15.00 6.4
20000131 38.114 88.604 33.00 5.5
20011119 35.763 93.672 10.00 5.7
20020325 36.062 69.315 8.00 5.9
20020327 36.023 69.338 10.00 5.9
20021225 39.570 75.254 10.00 5.5
20030818 29.573 95.605 33.00 5.6
20031201 42.905 80.515 10.00 6.0
20051009 34.569 73.158 10.00 5.5
20051009 34.670 73.182 7.00 5.7
20051009 34.349 73.700 10.00 5.5
20051019 34.751 73.037 5.00 5.6
20060911 35.472 78.225 14.90 5.5
20070505 34.248 81.967 9.00 5.8
20070720 42.913 82.378 10.00 5.5
20080101 40.288 72.985 6.00 5.8
20080320 35.490 81.467 10.00 6.3
20081005 39.533 73.824 27.40 6.4
20090220 34.203 73.900 12.00 5.5
20090220 40.657 78.692 17.20 5.5
20090613 44.725 78.866 11.00 5.8
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